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(57) ABSTRACT

An apparatus and methods for forming a diamond film, are
provided. An example of an apparatus for forming a diamond
f1lm 1ncludes an electrodeless microwave plasma reactor hav-
ing a microwave plasma chamber configured to contain a
substrate and to contain a reactant gas excited by microwaves
to generate a microwave plasma discharge. Gas injection
ports extend through an outer wall of the plasma chamber at
a location upstream of the plasma discharge and above the
substrate. Gas jet injection nozzles interface with the gas
injection ports and are configured to form a directed gas
stream of reactant gas having suificient kinetic energy to
disturb a boundary layer above an operational surface of the
substrate to establish a convective transier of the film material
to the operational surface of the substrate.
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Orient each of the in-plane injection nozzles at a

substantially same acute angle with respect to 127
the operational surface of the substrate
Interface an additional injection nozzle with a gas 153

injection port upstream of the microwave plasma
discharge and above the substrate

Onent the additional injection nozzle at an
angle approximately normal to the operational 125
surface of the substrate

Fig. 7
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Configure each of one or more directed gas jet injection nozzles of an
electrodeless microwave plasma reactor to create a directed gas 101
stream of reactant gas within a plasma chamber of the reactor

Orient each directed gas stream to interact with one or
more of the other directed gas streams and to interact
with a generated microwave plasma discharge

103

Impart kinetic energy to each directed gas stream to
disturb a boundary layer above the substrate 151

Control a combination of the process conditions to manage

development of the shape of the microwave plasma 133
discharge and a deposition rate of the reactant material

Desired thickness? 135
NoO

Yes

Remove substrate from the fonﬁed diamond film 157

Fig. 5

Configure the injection ports to extend through the plasma
chamber and to receive the injection nozzles to form the
microwave plasma chamber

111

Interface each of three or four gas jet injection nozzles with
corresponding gas injection ports spaced substantially
evenly apart within a same plane

113
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APPARATUS AND METHOD FOR DIAMOND
FILM GROWTH

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates generally to systems
for growing diamond films, which employ electrodeless
microwave reactor technology. More specifically, the present
invention relates to systems, apparatus, and methods of

employing electrodeless microwave plasma chemical vapor
deposition (CVD) to produce high quality CVD diamond

f1lms.

[0003] 2. Description of the Related Art

[0004] Chemical vapor deposition or CVD 1s a chemical
process that can be used to produce various solid materials. In
a typical plasma-enhanced CVD process, a substrate con-
tained within a reactor chamber 1s exposed to a plasma dis-
charge which activates one or more precursor gases and/or a
carrier gas that reacts and/or decomposes on the substrate
surface to produce the desired deposit. Plasma-enhanced
CVD processes are often used to produce thin diamond films.
CVD diamond has many outstanding properties, including
hardness, stifiness, optical transparency, and high thermal
conductivity. Because of the unusual process requirements
tor successiul deposition of diamond films, e.g., the need for
a high concentration of atomic hydrogen 1n order to stabilize
the diamond structure over graphite and to drive the surface
reactions mvolved in diamond deposition, diamond CVD
reactors tend to be highly specialized. For example, micro-
wave plasma reactors for diamond deposition tend to operate
at higher gas pressures than many other plasma-based CVD
processes and have much higher plasma power densities.
[0005] Various types of such apparatus (e.g., “reactors”)
and methods exist for growing CVD diamond films from a
vapor phase. Although many types of CVD techniques have
been used for the growth of diamond films, the two primary
techniques used for high quality thin film diamond are hot
filament growth and plasma-enhanced growth. Typical
plasma sources for plasma-enhanced CVD diamond growth
are microwave discharge, RF thermal discharge, and DC arc
discharge. The primary types of reactors employed include
those that utilize electrodes to form plasma from gas, and
those that do not One type of device that utilizes electrodes 1s
described 1n U.S. Pat. No. 5,054,421 by Ito et al. titled “Sub-
strate Cleaning Device.” The device can provide a relatively
high rate of diamond deposition by employing an arc-jet
plasma whereby gas 1s injected within a nozzle 1n which an
arc 1s passing. The average gas temperature after passing the
arc jet 1s significantly higher than can be achieved by thermal
activation methods such as hot filament CVD. In an arc-jet
flow, the velocity of gas flux 1s very high (~1-10 km/sec),
which results from the expansion or acceleration process. The
high velocity of the gas flux allows for a more efficient deliv-
ery ol the reaction species to a substrate due to a reduced
boundary layer thicknesses, and thus, results 1n a higher linear
growth rate. Despite the high linear growth rate, it 1s typically
difficult to produce high quality diamond using arc-jet depo-
sition, and any production, thereot, 1s spatially limited to a
small coating area. Those two disadvantages restrict its ability
to be utilized 1n applications involving direct use of the large,
free-standing diamond plates, such as, for example, heat sinks
or optical windows.

[0006] Although reactors that utilize electrodes have their
purpose, when attempted to be employed to produce “trans-
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parent” diamond films, they typically result in excessive con-
tamination and degradation, and thus, are generally consid-
ered 1n 1ndustry to be unsuitable for such purpose. To grow
high quality diamond thin and thick films, electrodeless
plasma CVD methods, 1mn general, and microwave plasma
CVD at 2.45 GHz and 915 MHz, 1n particular, have certainly
the highest potential for large scale industrial application.
Especially, 1f contamination-ifree films are required, radio
frequency and microwave plasma CVD are generally consid-
ered the only suitable methods available, with the later being
much more power ellicient. Accordingly, the conventional
technique to grow high quality and umiform diamond thin
films, especially over large substrate areas, 1s through use of
microwave plasma CVD methods employed using an elec-
trodeless microwave CVD diamond reactor, such as, for
example, that described in U.S. Pat. No. 5,175,019 by Purdes
et al., title “Method for Depositing a Thin Film,” assigned to
Texas Instruments Inc., Dallas Tex. An example of such

device 1s provided by the ASTex PDS-19 CVD reactor mar-
keted by Seki Technotron as Model No. AX6550.

[0007] Although key parameters to control diamond film
quality and growth rate have strong interactions, such as, for
example, microwave power density, substrate temperature,
methane or other carbon precursor percentage, with respect to
hydrogen (H, ) flow (gas flow) and reaction chamber pressure,
etc.; 1n conventional microwave CVD diamond reactors, the
hydrogen tlow rate 1s typically kept relative low, e.g., typi-
cally within a range of approximately 50-600 standard cubic
centimeters per minute (sccm), or so, and with a very low
velocity or flux. As such, gas flow 1s believed to have limited
or no interaction with those key parameters. According to
conventional wisdom, the main purpose of the low hydrogen
flux 1s to not disturb the combustion chemistry inside the
plasma discharge created by the microwave, otherwise,
growth species depositions, such as hydrogen atoms and
methyl radicals, would have an uneven distribution over the
substrate surface area and result 1n significant non-uniform
growth of the diamond film.

[0008] As manufacturers of conventional electrodeless
reactors 1nject gas gently and with low flow rates of gas to
prevent convection, often going to considerable design
lengths to minimize the gas velocity at the substrate and the
uniformity of gas flow, the maximum growth rates that may
be achieved in producing optical grade CVD diamond using
such conventional microwave plasma CVD apparatus and
methods are only approximately one to three microns per
hour over a large diameter substrate. As such, the deposition
costto generate a 4 in. diameter millimeter thick substrate can
typically cost upwards of approximately $30,000.

[0009] The mventors, therefore, have recognized the need
for an apparatus and method of employing electrodeless
microwave plasma CVD technology to produce high quality
CVD diamond at a substantially improved high growth rate,
¢.g., that approaching or exceeding that attainable through
use of an arc jet, while maintaining high quality, e.g., superior
transparency or high thermal conductivity, along with high

f1lm unmiformaity, and at a substantially reduced production
COst.

SUMMARY OF THE INVENTION

[0010] In view of the foregoing, various embodiments of
the present imvention provide an apparatus and method of
employing electrodeless microwave plasma CVD technology
to produce high quality CVD diamond at a substantially
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improved high growth rate, e.g., that approaching or exceed-
ing that attainable through use of an arc jet, while maintaining
high quality, e.g., superior transparency or high thermal con-
ductivity, along with high film uniformity, and at a substan-
tially reduced production cost. According to various embodi-
ments of the present invention, this can be accomplished
through use of the addition of kinetic energy to the gas tlow
and manipulation of the plasma discharge. Advantageously,
adding convection, according to various embodiments of the
present invention, can substantially increase the flux of desir-
able reactant species towards the substrate surface, enhancing
growth rate to that approaching processes, such as that of the
arc jet, while maintaining high quality and uniformity.
[0011] More specifically, an example of an apparatus for
forming a diamond film, according to an embodiment of the
present 1nvention, includes an electrodeless microwave
plasma reactor apparatus including a microwave plasma
chamber, a microwave generator assembly 1n communication
with the microwave plasma chamber to produce a microwave
plasma discharge, and a discharge gas tflow director assembly
including at least one, but preferably a plurality of discharge
gas flow directors (e.g., gas jet injection nozzles) positioned
up-stream of the location of the microwave plasma discharge,
when generated. Advantageously, according to various
embodiments of the gas injection nozzles of the discharge gas
flow director assembly, the nozzles are configured to add
substantial kinetic energy to the gas flow emanating from one
or more of the gas injection nozzles to produce high quality
CVD diamond at a substantially improved high growth rate,
while maintaining high quality.

[0012] Another example of an apparatus for forming a dia-
mond film, according an embodiment of the present inven-
tion, includes an electrodeless microwave plasma reactor
having a microwave plasma chamber configured to contain a
reactant gas excited by microwaves to generate a microwave
plasma discharge, and configured to contain a substrate when
ailixed therein. The microwave plasma reactor can include a
microwave generator assembly positioned 1in communication
with the microwave plasma chamber to generate the micro-
wave plasma discharge at a location of the substrate within the
microwave plasma chamber, and a discharge gas tlow director
assembly connected to the microwave plasma chamber. In
this exemplary embodiment, the discharge gas flow director
assembly includes at least one, but preferably a plurality of
discharge gas flow directors (e.g., gas jet nozzles) each con-
figured to form a directed gas stream of reactant gas to interact
with the microwave plasma discharge. According to the
exemplary configuration, when utilizing multiple nozzles,
cach directed gas stream can be oriented to interact with at
least one other directed gas stream and with the microwave
plasma discharge when generated to thereby enhance the
growth rate of diamond film on the substrate while maintain-
ing substantial uniformity of the film.

[0013] Another example of an apparatus for forming a dia-
mond film 1ncludes an electrodeless microwave plasma reac-
tor having a microwave plasma chamber configured to con-
tain a substrate and to contain a reactant gas excited by
microwaves 1o generate a microwave plasma discharge. The
microwave plasma chamber includes a plurality of gas 1njec-
tion ports each positioned through a proximal end portion of
the chamber at a spaced apart location substantially upstream
of the microwave plasma discharge when generated and
above an operational surface of the substrate when operably
positioned within the microwave plasma chamber. The reac-
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tor further includes a plurality of directed gas jet injection
nozzles each iterfaced with a respective one of the gas injec-
tion ports 1n the proximal end portion of the microwave
plasma chamber and each configured to form a directed gas
stream of gas having sullicient kinetic energy to substantially
disturb a boundary layer above an operational surface of the
substrate when operably positioned within the microwave
plasma chamber to thereby establish a convective transier of
the film material to the operational surface of the substrate.

[0014] Various embodiments of the present invention also
include a method of forming a diamond film. An example of
such a method includes the step of configuring each of a
plurality of directed gas jet injection nozzles to create a
directed gas stream of reactant gas within a microwave
plasma chamber of an electrodeless microwave plasma reac-
tor to thereby enhance the growth rate of a film on an opera-
tional surface of a substrate while maintaining substantial
uniformity of the film, and can include the step of orienting
cach directed gas stream to interact with at least one other
directed gas stream and with a microwave plasma discharge
when generated within the microwave plasma chamber to
thereby further enhance growth rate of a film on an opera-
tional surface of a substrate while maintaining substantial
uniformity of the film. The method also 1includes imparting
substantial kinetic energy to each directed gas stream suili-
cient to disturb a boundary layer above the substrate to
thereby increase an impingement rate of reactant material on
the operational surface of the substrate. The increased
impingement rate can result in a substantial increase 1n
growth rate of deposited film material, 1.e., the increase 1n
convection directly results 1n an increase 1n growth rate. To
this end, the method can further include controlling a combi-
nation of a flow rate of gas entering the microwave plasma
chamber, a velocity of gas injected from each of the plurality
of directed gas jet injection nozzles mnto the microwave
plasma chamber, a temperature within the chamber, and a
pressure within the chamber to thereby control a shape of the
microwave plasma discharge and a concentration of reactant
species 1n close proximity to the operational surface of the
substrate, and thus, the deposition rate of the reactant mate-
rial.

[0015] Advantageously, the effect of the plasma discharge
being downstream of the gas nozzles, according to an
embodiment of the present invention, 1s that the directed gas
flow from the nozzles can aflect a change on the plasma
discharge to create unique growth conditions that show both
good uniformity and increased growth rate as compared to a
system without directed gas flow. Advantageously, the effect
of the added kinetic energy, according to an embodiment of
the present invention, 1s to substantially disturb the boundary
layer above the substrate, increasing the impingement rate of
atomic hydrogen H and growth species such as the methyl
radical CH,, acetylene C,H,, and ethynyl C.H. Where cur-
rent electrodeless microwave reactor manufacturers inject
gas gently to minimize convection, using low tlow rates of
gas, various embodiments of the present invention advanta-
geously employ directed gas tlows at high tlow rates, e.g., up
to and exceeding 1 slm. Advantageously, the combined
elfects of the positioning of the microwave generator and the
addition of kinetic energy, according to an embodiment of the
present invention, can result in an 1increase 1n growth rate by
a factor of 2 or 3 or more of deposited diamond diameter
substrate at an equivalent substrate temperature and gas com-
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position, and thus, reduce the production cost of a 4 1n. diam-
eter, 1.2 mm thick substrate, for example, from about $30,000
to about $5000 or less.

[0016] Advantageously, according to an embodiment of the
present mnmvention, optimization of such conditions can be
provided through a unique selection of the location of the feed
gas 1njection port(s), discharge gas flow directors, and
exhaust gas pumping ports of the discharge chamber system.
Further, advantageously, additional optimization consider-
ations that can be employed can include the application of
radially unmiform feed gas injection and radially uniform
pumping ol the discharge gas. Further, according to an
embodiment of an apparatus the 1injection ports and gas flow
direction surfaces are designed to help improve the unifor-
mity and shape of the discharge and ultimately the deposited
f1lm uniformaty.

[0017] As a result of experimental testing of different
nozzle configurations, achieving different flow patterns with
the microwave plasma chamber, optimized nozzle configura-
tions were found to not only improve growth rate at an unex-
pected level, but also to achieve reasonable uniformity on a
flat substrate. Achieving high growth rate and good unifor-
mity on a flat substrate 1s especially desirable for growing
thick diamond films.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] So that the manner i1n which the features and advan-
tages of the invention, as well as others which will become
apparent, may be understood 1n more detail, a more particular
description of the invention briefly summarized above may be
had by reference to the embodiments thereotf which are 1llus-
trated 1n the appended drawings, which form a part of this
specification. It 1s to be noted, however, that the drawings
illustrate only various embodiments of the invention and are
therefore not to be considered limiting of the invention’s
scope as 1t may include other effective embodiments as well.
[0019] FIG. 11saschematic diagram of a general architec-
ture of portions ol an apparatus for forming a diamond film
according to an embodiment of the present invention;
[0020] FIG. 2 1s a schematic diagram 1llustrating relative
injection nozzle orientations according to an embodiment of
the present invention;

[0021] FIG. 3 1s a schematic diagram 1llustrating a control
portion of an apparatus for forming a diamond film according,
to another embodiment of the present invention;

[0022] FIG. 4 1s a schematic diagram of a conventional
microwave plasma reactor; and

[0023] FIGS. 5-7 are schematic flow diagrams of a method

of forming a diamond film according to an embodiment of the
present invention.

DETAILED DESCRIPTION

[0024] The present invention will now be described more
tully heremafter with reference to the accompanying draw-
ings, which illustrate embodiments of the mmvention. This
invention may, however, be embodied in many different
forms and should not be construed as limited to the illustrated
embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will Tully convey the scope of the invention to those
skilled in the art. Like numbers refer to like elements through-
out. Prime notation, if used, indicates similar elements in
alternative embodiments.
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[0025] Goodwin, Butler “Theory of Diamond CVD” 1n the
Handbooks of Industrial Diamonds, ed. M. A. Prelas et al.
1998, on page 542 in section 2.4.1 enfitled “Diffusive vs.
Convective Transport” 1introduces the Peclet number
“Pe=UL/D.,” where L 1s a characteristic scale of the reactor, U
1s a characteristic velocity, D 1s the diffusion coelficient. If
Pe<<1, then the transport occurs primarily by diffusion, and
the flux of species to the substrate 1s essentially independent
of the bulk gas velocity. In the other limit, Pe>>1, species
transport 1s primarily by convection. In this case, diffusive
transport 1s limited to the thin boundary layer that forms over
the substrate, in which the gas velocity, temperature, and
species concentrations vary sharply. In the convective case,
the transport of species 1s highly dependent on the velocity
field 1n the reactor.

[0026] Combustion and arcjet diamond deposition systems
(which are non-optimal for high quality, transparent diamond
f1lms) operate 1n the high-Pe convective mode. In these cases,
the atomic hydrogen and other reactive species required for
diamond deposition are generated 1n the throat of a nozzle,
where extremely high temperatures enable generation of the
species despite a very short residence time. The direct contact
ol the reactive species with the wall of the nozzle 1s one of the
factors that can lead to erosion of the nozzle walls and con-
tamination of the growing diamond film. As noted previously,
low pressure hot-filament and conventional electrodeless
microwave reactors generally operate in the low-Pe diffusive
mode.

[0027] Beneficially, embodiments of the present invention,
however, were developed to extend high-Pe methods to elec-
trodeless microwave plasma diamond CVD, with Pe prefer-
ably between approximately 0.1 and 1000, and more prefer-
ably between approximately 1 and 100, even though
conventional wisdom suggested that the approach would be
fruitless.

[0028] The industry recognized that gas temperature 1n a
typical microwave plasma under diamond CVD conditions 1s
much less than that 1n an arcjet or a combustion flame, and
therefore the rate of reactive species generation 1s generally
much less. Accordingly, 1t was assumed that a shortened
residence time within the plasma associated with an elevated
Pe value would lead to a decrease, rather than an increase in
growth rate. In addition, it was assumed that the introduction
of large gas velocity gradients might have been expected to
severely disrupt the operation or stability of the microwave
plasma and/or the uniformity of the diamond film deposited.
The fact that there are no reports of a similar attempt as set
forth 1n the exemplary embodiments of the present invention,
known to the inventors, despite the maturity of diamond CVD
and of the microwave plasma method 1n particular and the
publication of thousands of scientific papers in the field,
attests to the perceived futility of such approach. Neverthe-
less, the inventors, through extensive analysis, discovered
that a significant increase in growth rate can be realized
without sacrificing either plasma stability or film uniformity
or quality.

[0029] As part of the foregoing 1dentified extensive analy-
s1s, diflerent discharge gas flow director configurations for
delivering the acting gases into a microwave plasma chamber
ol a microwave reactor were found to achieve different flow
patterns within the microwave cavity. A number of jet/injec-
tion nozzle geometries forming various gas flow patterns, and
a number of gas flow conditions, were analyzed. Significant
variables included a number of nozzles, nozzle direction,

.
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location of nozzle, frequency of gas delivery, diameter of
nozzle, and nozzle exit velocity. Growth process conditions
were also varied. Growth rate and film uniformity were found
to be impacted by the number of nozzles, nozzle location and
orientation, and diameter of nozzle. A change to any of these
parameters changed the gas flow pattern within the reactor,
and thus, the growth characteristics of the film. Some condi-
tions substantially increased growth rate and uniformaity,
where others gave poor uniformity results.

[0030] Optimized nozzle configurations were found that
not only improved growth rate, but that also achieved a rea-
sonable uniformity of deposition on a flat substrate—espe-
cially desirable characteristics for growing thick thermal
management grade and optical quality diamond films. For
example, as will be described 1n more detail below, 1n one
preferred configuration of the nozzle assembly, each of a
plurality of nozzles were positioned to provide gas tlow 1nto
the microwave chamber, upstream of the plasma discharge,
and oriented such that the gas flow from each nozzle were
directed at a substrate from above, such that multiple directed
gas streams or jets emanating from the nozzles interact with
one another and the plasma discharge at some point above the
substrate to create unique growth conditions that showed both
good uniformity and increased growth rate as compared to a
system without such directed gas flow.

[0031] Note, the phrase “directed gas tlow” as used herein
generally refers to an established condition whereby flow gas
1s set to exit a nozzle or other flow director with a velocity that
1s suiliciently high enough that 1t enters the microwave
plasma chamber as a substantially focused stream of gas, for
example, tlowing towards the substrate, as opposed to sub-
stantially diffusing upon entry into the microwave chamber.
Note also, the term “optical quality” 1s generally considered
to mean a diamond film quality characterized, for example, by
an optical absorption coefficient less than 1.05 cm™' in the
long-wave infrared (LWIR) range, 1.e., generally between
approximately 7 to 14 micrometers (the atmospheric win-
dow), down to between approximately 8 to 12 micrometers.
Note also, “thermal management grade” 1s generally consid-
ered to mean a diamond film with a thermal conductivity
greater than or equal to 1000 W/m K (1000 watts per Kelvin-
meter).

[0032] FIG. 1 1llustrates an example of an apparatus 30 to
form high quality thermal management grade and optical

quality diamond films 31 when appropriate growth param-
cters are employed. Apparatus 30 can include an electrodeless
microwave plasma reactor 33 including a tuned microwave
plasma chamber 35 configured to contain reactant gases and/
or carrier gas excited by microwaves to generate a microwave
plasma discharge 37, and configured to contain, e.g., a silicon
substrate 39, used in forming the diamond film 31. The micro-
wave plasma chamber 33 includes at least one, but preferably
a plurality of reactant gas injection ports 41 each positioned
through a proximal end portion 43 of the plasma chamber 35
at a spaced apart location substantially upstream of the micro-
wave plasma discharge 37, when generated, and above an
operational surface 45 of the substrate 39, when operably
positioned within the plasma chamber 35. The microwave
plasma chamber 35 further includes at least one, but prefer-
ably a plurality of exhaust gas pump ports 47 each positioned
through a proximal end portion 49 of the plasma chamber 35
at a spaced apart location downstream of the microwave
plasma discharge 37, below the operational surface 435 of the
substrate 31.
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[0033] Theapparatus 30 also includes a microwave genera-
tor assembly 51 1ncluding a waveguide 33 positioned at the
distal end portion 49 of the plasma chamber 35 and 1n com-
munication therewith to generate the microwave plasma dis-
charge 37 at a location of the substrate 31.

[0034] Theapparatus 30 further includes a gas flow director
assembly 61 including at least one, but preferably a plurality
of gas flow directors, e.g., directed gas jet injection nozzles
63, connected to or otherwise interfaced with the gas injection
ports 41 to form a directed gas stream 63 of reactant (feed)
gas. The reactant gas injected through the injection nozzles 63
contains both a carrier gas (e.g., hydrogen or argon), and a
carbon precursor (e.g., methane, methyl, acetylene, and/or
cthynyl), combined prior to discharge from the injection
nozzles 63 and entry within the plasma chamber 35. Each of
the injection nozzles 63 are configured to impart substantial
kinetic energy to the respective directed gas stream sulficient
to disturb a boundary layer above the substrate 39 to thereby
increase an impingement rate of reactant material on the
substrate 39. Beneficially, such increased impingement rate
can result 1n a substantial increase 1n growth rate of deposited
diamond to provide a growth rate of products between 1 to 10
microns per hour and to a film thickness of between approxi-
mately 100 and 1200 microns, as desired, for example, when
under process conditions characterized by a hydrogen flow
rate of between approximately 0.1 and 2 standard liters per
minute, a carbon precursor, €.g., methane, flow rate 01 0.1 and
4 percent of the hydrogen, a chamber pressure of between
approximately 50 and 200 Torr, and a substrate temperature
of between approximately 780 and 1200 degrees Centigrade.

[0035] Note, when the flow director assembly 61 1s config-
ured with a single gas injection nozzles 63, the single gas
injection nozzle 63 1s preferably positioned above, and nor-
mal to, the substrate 45, but may be positioned 1n other ori-
entations, such as, for example, at an acute angle. Note also,
although the gas tlow director assembly 61 need only include
such single directed gas injection nozzle 63, as will be
described below, having multiple gas jet nozzles 63 can pro-
vide a synergistic effect over that of a single nozzle 63.

[0036] As perhaps best shown 1n FIG. 2, in an embodiment
of the apparatus 30 having multiple 1njection nozzles 63, the
injection nozzles 63 can be oriented so that the directed gas
streams 63 of reactant gas interact with each other, for
example, at a location above the operational surface 45 of the
substrate 39. Specifically, each directed gas stream provided
by the nozzles 63 1s oriented to interact with at least one other
directed gas stream and with the plasma discharge 37 (see
FIG. 1), when generated, to thereby enhance growth rate of
diamond film 31 (see FIG. 1) on the substrate 39 while main-
taining substantial uniformity of the diamond film 31.

[0037] Asshownin FIGS. 1 and 2, according to a preferred
configuration, at least three, but preferably at least four gas jet
injection nozzles 63 are spaced substantially evenly apart
within a same plane and oriented at a substantially same acute
angle 67 with respect to the operational surface 45 of the
substrate 39 to thereby further improve uniformity and to
manage a shape of the plasma discharge 37, e.g., intensifying
and flattening the hemispherical shape of the plasma dis-
charge 37, increasing the concentration of reaction species 1n
close proximity to the operational surface 45 of the substrate
39. According to a preferred configuration, the in-plane injec-
tion nozzles 63 have a length of between approximately 0.1
and 4.0 inches and an mner aperture diameter of between
approximately 0.030 and 0.04 inches.
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[0038] The in-plane gas jet injection nozzles 63 are prefer-
ably positioned at an angle of approximately 350 and 60
degrees to the operational surface 435 of the substrate 39, and
more preferably at an angle of approximately 55 degrees, so
that a longitudinal axis of the each in-plane gas jet injection
nozzle 63 extends to a location on the operational surface 45
of the substrate 39 positioned between approximately 9 and
13 percent of a length of the operational surface 45 of the
substrate 39. In the example shown 1n FIG. 2 1llustrating a 2.0
inch substrate 39, the nozzles 63 are directed to a point of
approximately 0.22 inches from an edge of the substrate 39 to
intersect at a point approximately 1.114 inches above the
operational surface 45 of the substrate 39.

[0039] As shown in FIG. 1, an additional gas jet injection
nozzle 63 can be positioned upstream of the plasma discharge
35 and above the operational surface 45 of the substrate 39
and at an angle approximately normal to the operational sur-
tace 45 of the substrate 39. Beneficially, the position and
orientation of various combinations of the nozzles 63, the
position of the exhaust gas ports 47, and the position of the
microwave waveguide 53, contribute substantially to main-

taining the generated microwave plasma discharge 37 in con-
tact with the substrate 39.

[0040] Asshownin FIG. 3, according to an embodiment of
the present invention, the apparatus 30 can also include vari-
ous control components which provide management of pro-
cess conditions to thereby provide for the enhanced diamond
film growth rate while maintaining the uniformity. For
example, a controller 71 configured to control a flow rate of
the gas entering the plasma chamber 35, a velocity of gas
exiting each nozzle 63, the flow and pressure of a cooling
assembly 79, and a pressure within the chamber 33, 1s pro-
vided, to thereby control the shape of the plasma discharge
37, temperature within the chamber 35 as measured by a
pyrometer 75, and the deposition rate of the reactant material.
Note, the control logic of controller 71 can be implemented
either 1n hardware or 1n software/program product as known
and understood by those skilled 1n the art of computer sci-
ence.

[0041] The apparatus 30 can also include a mass flow meter
73, a pyrometer 75, a pumping assembly 77, and a cooling
assembly 79, each 1n communication with the controller 71.
Themass tlow meter 73 1s positioned to meter the reactant gas
entering the nozzles 63, and thus, the mass tlow entering the
plasma chamber 35, and to provide mass flow rate data to the
controller 71. According to the exemplary configuration, the
gas entering the plasma chamber 35 1s managed to have an
operational tlow rate of between approximately 0.1 and 2.0,
and more preferably, between approximately 0.3 and 1 stan-
dard liters per minute, with a level of carbon precursor (e.g.,
methane, methyl, acetylene, and/or ethynyl) at between
approximately 0.1 and 4.0 percent, and more preferably,
between approximately 0.5 and 4.0 percent, and managed, for
example, to provide a nozzle mjection exit velocity of
between approximately 10 m/sec and 300 m/sec for each
nozzle 63.

[0042] The pyrometer 75 1s positioned to measure tempera-
ture within the plasma chamber 35 during operation of the
apparatus to provide temperature data to the controller 71.
According to the exemplary configuration, the operational
temperature of the plasma discharge 37 1s maintained so that
the substrate temperature 1s maintained between approxi-
mately 780 and 1200 degrees centigrade, and more prefer-
ably, between approximately 840 and 970 degrees centigrade.
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[0043] The pumping assembly 77 1s connected to, or oth-
erwise interfaced with, the exhaust gas ports 47 to extract gas
from within the plasma chamber 35 to maintain a desired
pressure within the plasma chamber 35, and to provide pres-
sure data to the controller 71. According to the exemplary
configuration, the operational pressure maintained within the
plasma chamber 35 1s between approximately 50 and 200
lorr.

[0044] The cooling assembly 79 1s positioned to maintain
temperature uniformity within the plasma chamber 35 to
thereby maintain such temperature uniformity for the dia-
mond film 31 and substrate 39 during operation of the appa-
ratus 30.

[0045] According to an embodiment of the apparatus 30
having various combinations of a hydrogen flow rate of
between approximately 0.1 and 2.0 with a level of carbon
precursor (e.g., methane, methyl, acetylene, and/or ethynyl)
at between approximately 0.1 and 4.0 percent, a nozzle injec-
tion exit velocity of between approximately 10 m/sec and 300
m/sec for each nozzle 63, an operational temperature of
between approximately 780 and 1200 degrees centigrade, and
an operational pressure of between approximately 50 and 200
Torr, and using at least two nozzles positioned at an angle of
between approximately 50 and 60 degrees, growth rates of up
to at least 10 microns per hour can be achieved, along with a
thicknesses of up to at least 1200 microns of at least thermal
management quality diamond film.

[0046] According to an embodiment of the apparatus 30
having various combinations of a hydrogen flow rate of
between approximately 0.3 and 1.0 with a level of carbon
precursor (e.g., methane, methyl, acetylene, and/or ethynyl)
at between approximately 0.5 and 4.0 percent, a nozzle injec-
tion exit velocity of between approximately 30 m/sec and 150
m/sec for each nozzle 63, a nozzle inner diameter of approxi-
mately 0.035 inches, an operational temperature of between
approximately 840 and 970 degrees centigrade, and an opera-
tional pressure ol between approximately 90 and 130 Torr,
and using three nozzles oriented at an angle 67 of approxi-
mately 55 degrees to that of the operational surface 45 of the
substrate 39, growth rates of optical quality film of between
approximately 7 and 9 microns per hour can be achieved for
films having a thickness of between approximately 100 and
180 microns.

[0047] Various embodiments of the present invention also
include methods of forming diamond film. The conventional
technique to grow high quality and uniform diamond thin
films 1s through microwave plasma CVD methods using a
microwave plasma reactor 33', such as that shown 1n FIG. 4.
Although the key parameters to control the film quality and
growth rate have strong interactions, such as, for example,
microwave power density, substrate temperature, methane/
other carbon precursor percentage with respect to hydrogen
flow and reaction chamber pressure etc., the hydrogen flow
rate 1s typically kept quite low, for example, within a range of
approximately 50-600 sccm, and 1t 1s understood to have a
limited or no interaction with those key parameters. In the
conventional reactor 33", the purpose of slow hydrogen flux 1s
primarily to not disturb the combustion chemaistry inside the
plasma ball 37, otherwise growth species such as hydrogen
atoms and methyl radicals would be expected to have an
uneven distribution over the substrate surface area and
thereby result 1n a significant non-uniform growth of diamond
film. Beneficially, various embodiments of the present inven-
tion employ application of gas tlow dynamics (e.g., gas con-
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vection and modified gas flow patterns) through modified
nozzle configurations to enhance the quality of CVD dia-
mond film over a, e.g., silicon substrate, 1n terms of crystal
morphology, growth rate and thickness uniformaity.

[0048] FIGS. 5-7 illustrate an example of a method for
forming diamond film 31, according to an embodiment of the
present invention. As perhaps best shown in FIGS. 2 and 5, the
method can include configuring each of one or more directed
gas jet mjection nozzles 63 of an electrodeless microwave
plasma reactor 33 to create a directed gas stream 65 of reac-
tant gas within a microwave plasma chamber 35 of the reactor
33 (block 101), and onenting each directed gas stream 65 to
interact with one or more of the other directed gas streams (1n
amulti nozzle configuration) and to interact with a microwave
plasma discharge 37 when generated within the plasma
chamber 35 (block 103) to thereby enhance the growth rate of
a diamond film 31 on an operational surface 45 of a substrate
39, while maintaining substantial uniformity of the film 31.

[0049] As shown in FIGS. 2 and 6, the steps of configuring

the injection nozzles 41 can include forming the microwave
plasma chamber 35 by configuring a plurality of reactant gas
injection ports 41 to extend therethrough and to receive a
separate one of the directed gas jet injection nozzles 63 (block
111). It an existing off-the-shelf plasma chamber 33" 1s uti-
lized (see, e.g., F1G. 4), such can include either modifying the
s1ze or shape of existing window ports 41' to form the desired
injection ports 41, closing one or more of such ports 41' and
originating a separate set ol injection ports 41 at a location
substantially upstream of a location of the microwave plasma
discharge 37 when generated and above the operational sur-
tace 45 of the substrate 39, e.g., adjacent the window ports
41', or forming the ports 41 through a combination of modi-
tying one or more of the window ports 41' and originating one
or more new ports 41. The step of configuring can further
include interfacing each of preferably three or four gas jet
injection nozzles 63 with a corresponding three or four of the
gas injection ports 41 that are spaced substantially evenly
apart, and preferably within a same plane (block 113).

[0050] As shownin FIGS. 2 and 7, the step of orienting the
directed gas streams 65 can include orienting each of the
in-plane 1njection nozzles 63 at a substantially same acute
angle with respect to the operational surface of the substrate
to 1improve uniformity and manage a shape and intensity of
the microwave plasma discharge 37 and to increase the con-
centration ol reaction species 1n close proximity to the sub-
strate 39 (block 121). The step of orienting can also optionally
include interfacing an additional 1injection nozzle 63 with a
gas mjection port 41 positioned upstream of the microwave
plasma discharge 37 and substantially above the substrate 39,
¢.g., a center of the operational surface 43 of the substrate 39
(block 123), and orienting the additional injection nozzle 63

at an angle approximately normal to the operational surface
45 of the substrate 39 (block 125) as shown, for example, 1n
FIG. 1.

[0051] As further shown 1n FIGS. 2 and 3, the method can
also include imparting substantial kinetic energy to each
directed gas stream suilicient to disturb a boundary layer
above the substrate 39 to thereby increase an impingement
rate of reactant material, such as, for example, the atomic
hydrogen H, the methyl radical CH,, acetylene C,H,, and the
cthynyl radical C,H, on the operational surface 45 of the
substrate 39 (block 131), and controlling a combination of the
flow rate of gas entering the microwave plasma chamber 35,
the velocity of gas 1injected from the directed gas jet injection
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nozzles 63 into the microwave plasma chamber, the tempera-
ture within the chamber 35, and the pressure within the cham-
ber 35 (block 133), to thereby manage development of the
shape of the microwave plasma discharge 37 and a deposition
rate of the reactant material.

[0052] Once the desired thickness of the diamond film 31 1s
reached (block 135), the substrate 39 1s then removed from
the diamond film 31 (block 137), for example, by dissolution
in hydrofluoric acid. The freestanding diamond film layer 31
would then be lapped and polished, and could then be pro-
cessed as necessary for 1ts mntended end use.

[0053] The invention has several advantages. Various
embodiments of the present invention include, for example,
an apparatus 30 having nozzles positioned to direct streams
65 of reactant gas that flow nto a tuned microwave cavity
containing a microwave plasma discharge (e.g., plasma ball
37), such that the gas streams 65 emanating {from the nozzles
63 interact with one another and the plasma ball 37 to create
unmique growth conditions. Advantageously, such utilization
of a directed gas stream 65 of reactant gas has been found to
show both good uniformity and increased growth rate as
compared to a reactor without directed gas flow. According to
various embodiments of the present invention, the reactant
gas 1njection nozzles 63 are positioned upstream of the
plasma discharge 37 and affect a change on that plasma as the
gas tlow interacts with discharge. Advantageously, such con-
figuration results 1n the production favorable diamond film
growth conditions. Further, according to various embodi-
ments of the present invention, the gas flow or stream 65 from
cach reactant gas injection nozzle 63 1s directed at the sub-
strate 39 from above, with the multiple gas streams 65 inter-
acting at a point above the substrate 39, to thereby advanta-
geously affect a change on the plasma discharge 37 as the gas
flow interacts with the discharge 37, without generating a
spiral gas flow at any time. Advantageously, according to
various embodiments of the present invention, the directed
gas flow 63 interacts with the plasma discharge 37 to flatten
and 1ntensily the shape of the hemisphere above the opera-
tional surface 45 of the substrate 39, increasing the concen-
tration of reaction species 1n close proximity to the substrate
39. Further advantageously, due to the nozzle configuration,
shaping of the plasma discharge 37 can be made without the
need for additional magnetic field generating equipment to
perform such task.

[0054] In the drawings and specification, there have been
disclosed a typical preferred embodiment of the invention,
and although specific terms are employed, the terms are used
in a descriptive sense only and not for purposes of limitation.
The mvention has been described in considerable detail with
specific reference to these 1llustrated embodiments. It will be
apparent, however, that various modifications and changes
can be made within the spirit and scope of the invention as
described in the foregoing specification. For example,
although described with respect to the deposition of a dia-
mond film, various other types of film can be readily created
using the apparatus and methods described herein.

That claimed 1s:

1. An apparatus for forming high quality diamond film, the
apparatus comprising an electrodeless microwave plasma
reactor including:

a microwave plasma chamber configured to contain a reac-
tant gas excited by microwaves to generate a microwave
plasma discharge, and configured to contain a substrate
when affixed therein;
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a microwave generator assembly positioned 1n communi-
cation with the microwave plasma chamber to generate
the microwave plasma discharge at a location of the
substrate within the microwave plasma chamber; and

a discharge gas flow director assembly connected to the
microwave plasma chamber, the discharge gas flow
director assembly comprising at least one discharge gas
flow director configured to form a directed gas stream of
reactant gas, and oriented to interact with the microwave
plasma discharge when generated to thereby enhance
growth rate of diamond film on the substrate while main-
taining substantial uniformity of the film.

2. An apparatus as defined 1n claim 1,

wherein the microwave plasma reactor 1s further config-
ured to maintain the generated microwave plasma dis-
charge in contact with the substrate;

wherein the at least one discharge gas flow director
includes a plurality of discharge gas flow directors con-
figured to form a directed gas stream of reactant gas,
cach directed gas stream oriented to interact with at least
one other directed gas stream and the microwave plasma
discharge when generated; and

wherein each of the plurality of discharge gas flow direc-
tors are configured to impart substantial kinetic energy
to the respective directed gas stream suificient to disturb
a boundary layer above the substrate to thereby substan-
tially increase an impingement rate of reactant material
on the substrate, the increased impingement rate result-
ing in a substantial increase 1n growth rate of deposited
diamond.

3. An apparatus as defined 1n claim 2,

wherein the microwave plasma chamber includes: a proxi-
mal end portion, a distal end portion, a medial body
portion extending therebetween, a plurality of reactant
gas 1jection ports each positioned through the proximal
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plasma discharge and a deposition rate of the reactant
material, and to monitor temperature within the cham-
ber:

a mass flow meter positioned to meter the reactant gas
entering each of the plurality of discharge gas flow direc-
tors and positioned in communication with the control-
ler to provide mass flow rate data thereto;

a pyrometer positioned to measure temperature within the
microwave plasma chamber during operation of the
apparatus and in communication with the controller to
provide temperature data thereto;

a pumping assembly positioned to maintain a desired pres-
sure within the microwave plasma chamber and in com-
munication with the controller to provide pressure data
thereto; and

a cooling assembly positioned to maintain temperature
uniformity on at least one of the diamond film and sub-
strate temperature during operation of the apparatus and
in communication with the controller.

5. An apparatus as defined 1n claim 3,

wherein the reactant gas injected through the plurality of
discharge gas flow directors comprises both a carrier gas
and a carbon precursor combined prior to entry within
the microwave plasma chamber, the carrier gas compris-
ing one or more of the following: hydrogen or argon, the
carbon precursor comprising one or more of the follow-
ing: methane, methyl, acetylene, and ethynyl; and

wherein the plurality of discharge gas flow directors
includes at least three gas jet injection nozzles spaced
substantially evenly apart within a same plane and ori1-
ented at a substantially same acute angle with respect to
a proximal surface of the substrate to thereby improve
uniformity and manage a shape of the microwave
plasma discharge.

6. An apparatus as defined in claim 5, wherein the at least

end portion at a spaced apart location substantially three gas jet injection nozzles are positioned at an angle of

upstream of the microwave plasma discharge when gen-
erated and above an operational surface of the substrate
when operably positioned within the microwave plasma
chamber to provide a passage for a separate one of the
plurality of discharge gas flow directors, and a plurality
of exhaust gas pumping ports positioned downstream of
the microwave plasma discharge and at a location below
the operational surface of the substrate when the sub-
strate 1s operably positioned within the microwave
plasma chamber;

wherein the plurality of discharge gas flow directors are
cach interfaced with a respective one of the reactant gas
injection ports i the proximal end portion of the micro-
wave plasma chamber, and oriented to interact with each
other at a location above the operational surface of the
substrate when the substrate i1s operably positioned
within the microwave plasma chamber; and

wherein the microwave generator assembly includes a
waveguide positioned at the distal end portion of the
microwave plasma chamber to thereby form the micro-
wave plasma discharge at the location of the substrate,
downstream of the plurality of discharge gas tflow direc-
tors.

4. An apparatus as defined in claim 3, further comprising;:

a controller configured to control a flow rate of gas entering,
the microwave plasma chamber, a velocity of gas exiting
cach discharge gas tlow director, and a pressure within
the chamber to thereby control a shape of the microwave

between approximately 50 and 60 degrees to the proximal
surface of the substrate so that a longitudinal axis of the each
gas jet injection nozzle extends to a location on the proximal
surface of the substrate positioned between approximately 9

and 13 percent of a length of the proximal surface of t.

1C

substrate when the substrate 1s operably positioned within t
microwave plasma chamber.

1C

7. An apparatus as defined 1n claim 5, wherein the plurality

of discharge gas flow directors further includes at least

d

fourth gas jet mjection nozzle positioned upstream of the
microwave plasma discharge and above an operational sur-
face of the substrate when the substrate 1s operably positioned
within the microwave plasma chamber and at an angle
approximately normal to the proximal surface of the sub-

strate.
8. An apparatus as defined 1n claim 1,

wherein the diamond film 1s an optical grade diamond film;
wherein the at least one discharge gas flow director
includes a plurality of discharge gas flow directors con-
figured to form a directed gas stream of reactant gas,
cach directed gas stream oriented to interact with at least
one other directed gas stream and the microwave plasma
discharge when generated;
wherein the plurality of discharge gas flow directors are
cach interfaced with a respective one of a plurality of
reactant gas injection ports in a proximal end portion of
the microwave plasma chamber, and oriented to interact
with each other at a location above the operational sur-
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face of the substrate when the substrate 1s operably posi-
tioned within the microwave plasma chamber;

wherein the plurality of discharge gas flow directors
include at least three gas jet mnjection nozzles spaced
substantially evenly apart within a same plane and ori1-
ented at a substantially same acute angle with respect to
a proximal surface of the substrate of between approxi-
mately 50 and 60 degrees to the proximal surface of the
substrate;

wherein each of the at least three gas jet injection nozzles
have a length of between approximately 0.1 and 4.0
inches;

wherein each of the at least three gas jet injection nozzles
have an mner aperture diameter of between approxi-
mately 0.030 and 0.04 inches; and

wherein the growth rate of diamond film on the substrate 1s
between approximately 5 and 10 microns per hour.

9. An apparatus as defined 1n claim 8,

wherein the velocity of gas exiting each discharge gas tlow
director 1s between approximately 10 and 300 meters per
second;

wherein the reactant gas entering the microwave plasma
chamber has an operational flow rate of between
approximately 0.3 and 1 standard liters per minute;

wherein the reactant gas comprises between approximately
0.5 and 4 percent carbon precursor;

wherein an operational temperature of the microwave
plasma discharge 1s between approximately 780 and
1200 degrees Centigrade; and

wherein an operational pressure within the microwave
plasma chamber 1s between approximately 50 and 200
lorr.

10. An apparatus as defined in claim 9,

wherein the at least three gas jet injection nozzles are
positioned at an angle of between approximately 50 and
60 degrees to the proximal surface of the substrate so
that a longitudinal axis of the each gas jet imjection
nozzle extends to a location on the proximal surface of
the substrate positioned between approximately 9 and
13 percent of a length of the proximal surface of the
substrate when the substrate i1s operably positioned
within the microwave plasma chamber;

wherein the growth rate of diamond film on the substrate 1s
between approximately 7 and 9 microns per hour; and

wherein the diamond film produced by the apparatus
includes a thickness of between approximately 100 um
and 5 mm at an optical quality characterized by an
absorption coefficient less than 1.05 cm™" at a electro-
magnetic wavelength between 7 to 14 um.

11. An apparatus for forming an optical grade diamond
film, the apparatus comprising an electrodeless microwave
plasma reactor, the reactor including;:

a microwave plasma chamber configured to contain a sub-
strate and to contain a reactant gas excited by micro-
waves to generate a microwave plasma including a
microwave plasma discharge, the microwave plasma
chamber including a proximal end portion, a distal end
portion, a medial body portion extending therebetween,
and a plurality of gas injection ports each positioned
through the proximal end portion at a spaced apart loca-
tion substantially upstream of the microwave plasma
discharge when generated and above an operational sur-
face of the substrate when operably positioned within
the microwave plasma chamber; and
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a plurality of directed gas jet 1njection nozzles each inter-
faced with a respective one of the gas injection ports 1n
the proximal end portion of the microwave plasma
chamber and each configured to form a directed gas
stream of gas having suilicient kinetic energy to disturb
a boundary layer above an operational surface of the
substrate when operably positioned within the micro-
wave plasma chamber to thereby establish a convective
transier of the film material to the operational surface of
the substrate.

12. An apparatus as defined in claim 11, wherein each
directed gas jetinjection nozzle of the plurality of directed gas
jet injection nozzles 1s further positioned so that the directed
gas stream of the respective directed gas jet injection nozzle 1s
oriented to interact with the directed gas stream of at least one
other of the plurality of directed gas jet injection nozzles and
with the microwave plasma discharge when generated to
thereby enhance growth rate of a film on the substrate while
maintaining substantial uniformity of the film.

13. An apparatus as defined 1n claim 12, wherein the plu-
rality of directed gas jet injection nozzles includes at least
three gas jet injection nozzles spaced substantially evenly
apart within a same plane and oriented at a substantially same
acute angle with respect to a proximal surface of the substrate
to thereby improve uniformity and manage a shape of the
microwave plasma discharge.

14. An apparatus as defined 1n claim 13, wherein the plu-
rality of directed gas jet injection nozzles turther includes at
least a fourth gas jet injection nozzle positioned upstream of
the microwave plasma discharge and above an operational
surface of the substrate when the substrate 1s operably posi-
tioned within the microwave plasma chamber and at an angle
approximately normal to the proximal surface of the sub-
strate.

15. An apparatus as defined 1n claim 14, further compris-
ng:

wherein the at least three gas jet imjection nozzles are
positioned at an angle of approximately 50 and 60
degrees to the proximal surface of the substrate so that a
longitudinal axis of the each gas jet injection nozzle
extends to a location on the proximal surface of the
substrate positioned between approximately 9 and 13
percent of a length of the proximal surface of the sub-
strate when the substrate 1s operably positioned within
the microwave plasma chamber;

wherein each of the at least three gas jet injection nozzles
have a length of between approximately 0.1 and 4.0
inches; and

wherein each of the at least three gas jet injection nozzles
have an mner aperture diameter ol between approxi-

mately 0.030 and 0.04 inches.

16. An apparatus as defined 1n claim 135, further compris-

ng:

a controller configured to control a velocity of gas 1njected
from each of the plurality of directed gas jet injection
nozzles into the microwave plasma chamber, a tempera-
ture within the chamber, and a pressure within the cham-
ber, to thereby control a shape of the microwave plasma
discharge and a deposition rate film of material;

wherein the growth rate of diamond film on the substrate 1s
between approximately 7 and 9 microns per hour; and

wherein the diamond film produced by the apparatus
includes a thickness of between approximately 100 and
180 microns at an optical quality characterized by an
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absorption of less than 5% at a wavelength of between
approximately 7.9 and 10.6 micrometers and an absorp-
tion of less than 10% at a wavelength of between
approximately 10.6 and 12.0 micrometers.
17. A method for forming diamond film, the method com-
prising the steps of:
configuring each of a plurality of directed gas jet injection
nozzles of an electrodeless microwave plasma reactor to
create a directed gas stream of reactant gas within a
microwave plasma chamber of the electrodeless micro-
wave plasma reactor; and
orienting each directed gas stream to interact with at least
one other directed gas stream and with a microwave
plasma discharge when generated within the microwave
plasma chamber to thereby enhance growth rate of a film
on an operational surface of a substrate while maintain-
ing substantial uniformity of the film.
18. A method as defined in claim 17, further comprising the
step of:
imparting substantial kinetic energy to each directed gas
stream suilicient to disturb a boundary layer above the
substrate to thereby substantially increase an impinge-
ment rate of reactant material on the operational surface
of the substrate, the increased impingement rate result-
ing 1n a substantial increase 1n growth rate of deposited
{1lm material.
19. A method as defined 1n claim 17,
wherein the plurality of directed gas jet injection nozzles
includes at least three gas jet injection nozzles; and
wherein the step of orienting each directed gas stream
includes the steps of:
configuring a plurality of reactant gas injection ports to
cach receive a separate one of the plurality of directed
gas jet mjection nozzles, each of the plurality of reac-
tant gas injection ports extending through a proximal
end portion of the microwave plasma chamber at a
location substantially upstream of a location of the
microwave plasma discharge when generated and
above the operational surface of the substrate when
operably positioned within the microwave plasma
chamber,
interfacing each of the at least three gas jet injection
nozzles with a corresponding at least three of the
plurality of reactant gas injection ports spaced sub-
stantially evenly apart within a same plane, and
ortenting each of the at least three gas jet 1njection
nozzles at a substantially same acute angle with
respect to the operational surface of the substrate to
improve uniformity and manage a shape of the micro-
wave plasma discharge.
20. A method as defined in claim 19,
wherein the step of configuring a plurality of reactant gas
injection ports mcludes modifying a size of each of at
least three existing gas injection ports;
wherein the plurality of directed gas jet injection nozzles
includes at least a fourth gas jet injection nozzles; and
wherein the step of orienting each directed gas stream
further includes the steps of:
interfacing the at least a fourth gas injection nozzle with
a corresponding one of the plurality of reactant gas
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injection ports positioned upstream of the microwave
plasma discharge and substantially above a center of
the operational surface of the substrate when the sub-
strate 1s operably positioned within the microwave
plasma chamber, and

orienting the at least a fourth gas jet 1njection nozzle at
an angle approximately normal to the operational sur-
face of the substrate.

21. A method as defined 1in claim 20,

wherein the diamond film 1s an optical grade diamond film;

wherein the growth rate of diamond film on the substrate 1s
between approximately 7-9 microns per hour; and

wherein the diamond film produced by the apparatus
includes a thickness of between approximately 100 and
180 microns at an optical quality characterized by an
absorption of less than 5% at a wavelength of between
approximately 7.9 and 10.6 micrometers and an absorp-
tion of less than 10% at a wavelength of between
approximately 10.6 and 12.0 micrometers.

22. A method as defined 1n claim 21, turther comprising the
step of:

controlling a combination of a flow rate of gas entering the
microwave plasma chamber, a velocity of gas mjected
from each of the plurality of directed gas jet injection
nozzles into the microwave plasma chamber, a tempera-
ture within the chamber, and a pressure within the cham-
ber to thereby control a shape of the microwave plasma
discharge and a concentration of reactant species in
close proximity to the operational surface of the sub-
strate.

23. A method for forming diamond film, the method com-
prising the steps of:
configuring at least one directed gas jet injection nozzle of
an eclectrodeless microwave plasma reactor to create a
directed gas stream of reactant gas within a microwave

plasma chamber of the electrodeless microwave plasma
reactor;

orienting the directed gas stream to interact with a micro-
wave plasma discharge when generated within the
microwave plasma chamber to thereby enhance growth
rate of a film on an operational surface of a substrate
while maintaining substantial uniformity of the film; and

imparting substantial kinetic energy to the directed gas
stream suilicient to disturb a boundary layer above the
substrate to thereby increase an impingement rate of
reactant material on the operational surface of the sub-
strate, the increased impingement rate resulting 1n a
substantial increase 1 growth rate of deposited film

material.

24. A method as defined 1n claim 23, wherein the at least
one directed gas jet nozzle includes a plurality of directed gas
jet nozzles, each configured to form a directed gas stream of
reactant gas, the method further comprising the step of:

orienting each directed gas stream to interact with at least
one other directed gas stream and with the microwave

plasma discharge when generated within the microwave
plasma generator.
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